Autophagy is a conserved process for the bulk degradation of cytoplasmic material. Triggering of autophagy results in the formation of double membrane-bound vesicles termed autophagosomes. The conserved Atg5-Atg12/Atg16 complex is essential for autophagosome formation. Here, we show that the yeast Atg5-Atg12/Atg16 complex directly binds membranes. Membrane binding is mediated by Atg5, inhibited by Atg12 and activated by Atg16. In a fully reconstituted system using giant unilamellar vesicles and recombinant proteins, we reveal that all components of the complex are required for efficient promotion of Atg8 conjugation to phosphatidylethanolamine and are able to assign precise functions to all of its components during this process. In addition, we report that in vitro the Atg5-Atg12/Atg16 complex is able to tether membranes independently of Atg8. Furthermore, we show that membrane binding by Atg5 is downstream of its recruitment to the pre-autophagosomal structure but is essential for autophagy and cytoplasm-to-vacuole transport at a stage preceding Atg8 conjugation and vesicle closure. Our findings provide important insights into the mechanism of action of the Atg5-Atg12/Atg16 complex during autophagosome formation.
Introduction
Macroautophagy (hereafter autophagy) is a process mediating the bulk degradation of intracellular material. Autophagy is conserved in all eukaryotes and has been shown to promote the survival of cells and thus the organism when exposed to various stresses. During starvation portions of the cell's cytoplasm are degraded in order to recycle essential building blocks such as amino acids. Autophagy additionally mediates the degradation of protein aggregates, intracellular pathogens and damaged or surplus organelles such as mitochondria and peroxisomes (Xie and Klionsky, 2007; Mizushima et al, 2008; Nakatogawa et al, 2009) . Autophagy is thus a major contributor to cellular homeostasis.
Triggering of autophagy results in the de novo formation of double membrane-bound organelles called autophagosomes (Kraft and Martens, 2012) . Small membrane structures named isolation membranes or phagophores are early precursors to autophagosomes. Isolation membranes are cup-shaped double membrane-bound structures that expand and gradually enclose cytoplasmic cargo. The isolation membranes then close giving rise to completed autophagosomes. Autophagosomes subsequently fuse with either the endo-lysosomal compartment (in higher eukaryotes) or the vacuole (in yeast) within which the inner autophagosomal membrane and the captured cytoplasmic cargo are degraded (Orsi et al, 2010) .
In complex eukaryotes, most autophagosomes appear to be generated from, or are very close to, the endoplasmic reticulum (ER; Axe et al, 2008; Hayashi-Nishino et al, 2009; Ylä-Anttila et al, 2009 ). However, mitochondria (Hailey et al, 2010) , the plasma membrane (Ravikumar et al, 2010; Moreau et al, 2011) and the Golgi (Young et al, 2006; Geng et al, 2010; Ohashi and Munro, 2010; Tooze and Yoshimori, 2010; van der Vaart et al, 2010) have also been reported to contribute membranes for the generation of autophagosomes. In yeast, autophagosomes appear to be generated at the pre-autophagosomal structure (PAS) localized close to the vacuole Suzuki and Ohsumi, 2010) . It has recently been shown that Golgi-derived, Atg9-positive membrane structures relocate to a site close to the vacuole in response to autophagy induction (Mari et al, 2010; Yamamoto et al, 2012) . Collectively, these structures likely contribute to the PAS and must somehow undergo fusion and reorganization in order to generate the isolation membrane and eventually the autophagosome.
At the PAS, several proteins required for autophagosome formation localize in a hierarchical manner Suzuki and Ohsumi, 2010) . Among these are components of two ubiquitin-like conjugation systems (Mizushima et al, 1998; Ichimura et al, 2000; Suzuki et al, 2001) . The first of these systems entails the conjugation of the ubiquitin-like protein Atg8 to the headgroup of the membrane lipid phosphatidylethanolamine (PE) via a C-terminal glycine (G116). This modification renders the otherwise soluble Atg8 membrane bound. Atg8 conjugation to PE requires the activity of several enzymes. Atg8 is initially synthesized with a C-terminal arginine (R117) that masks the penultimate G116. R117 is removed by the protease Atg4 allowing Atg8 to be transferred to the E1-like enzyme Atg7. Atg7 transfers Atg8 to the E2-like enzyme Atg3 that subsequently transfers Atg8 to the membrane lipid PE. Atg8-PE has been shown to recruit cytoplasmic cargo to the isolation membrane and so ensures its incorporation into autophagosomes. In addition, Atg8-PE has been proposed to mediate membrane tethering and fusion and thus to assist isolation membrane expansion by the promotion of vesicular carrier fusion (Nakatogawa et al, 2007) . Membrane fusion and tethering activity have also been demonstrated for the mammalian Atg8-like proteins LC3 and GATE-16 (Weidberg et al, 2011) . However, while for yeast Atg8 the tethering activity has been confirmed the fusion activity has recently been questioned (Nair et al, 2011) . In mammalian cells, functional inhibition of the Atg8 conjugation system results in isolation membranes that apparently fail to close (Fujita et al, 2008a) . This suggests that Atg8-PE is essential for a rather late step of autophagosome formation.
The second ubiquitin-like conjugation system functioning during autophagosome formation is the Atg12 system (Mizushima et al, 1998) . Here, Atg7 activates the ubiquitinlike protein Atg12 and transfers it to Atg10. Finally, Atg10 covalently links the C-terminal glycine residue of Atg12 to a lysine residue of Atg5 (K149 of S. cerevisiae Atg5). This reaction appears to be irreversible and a major fraction of both Atg12 and Atg5 exists in the conjugated form (Mizushima et al, 1998; Kuma et al, 2002) . The Atg5-Atg12 conjugate associates non-covalently with Atg16 (Mizushima et al, 1999; Kuma et al, 2002) . Atg16 is required for the localization of the Atg5-Atg12 conjugate to the PAS in yeast and isolation membranes in higher eukaryotes Fujita et al, 2008b) . The Atg5-Atg12 conjugate has been shown to promote Atg8-PE formation in a manner analogous to the function of E3 enzymes during classical ubiquitin conjugation reactions (Hanada et al, 2007) . Atg12 has been reported to bind to Atg3 (Tanida et al, 2002; Fujita et al, 2008b) . Since the Atg5-Atg12 conjugate has also been shown to weakly associate with membranes by crosslinking experiments it has been proposed that Atg5-Atg12 recruits Atg3 (conjugated to Atg8) to the membrane thereby facilitating the transfer of Atg8 from Atg3 to membrane-localized PE (Hanada et al, 2007) . Atg16 was apparently not required for this E3-like activity (Hanada et al, 2007) although Atg16 is required for the localization of the Atg5-Atg12 conjugate to isolation membranes and the PAS in vivo Fujita et al, 2008b) . Whether the Atg12 conjugation system has any functions in addition to the promotion of Atg8-PE conjugation is unclear. However, in yeast (Abeliovich et al, 1999 (Abeliovich et al, , 2000 Suzuki et al, 2001) as well as in mammalian cells Fujita et al, 2008a) autophagosome formation is more heavily impaired by inactivation of the Atg12 conjugation system than the Atg8 conjugation system suggesting additional roles for this conjugation system. The molecular mechanisms underlying the generation of isolation membranes and their subsequent expansion and closure into autophagosomes are poorly understood. Furthermore, the mechanism of action of the Atg5-Atg12/ Atg16 complex remains enigmatic. In order to gain further insights into the biochemical activities of the Atg5-Atg12/ Atg16 complex, we developed a reconstituted system using recombinant proteins and giant unilamellar vesicles (GUVs). Here, we describe the regulation and lipid requirements of membrane binding by the Atg5-Atg12/Atg16 complex. We also show that efficient promotion of Atg8-PE attachment requires the association of Atg5-Atg12 with Atg16. Furthermore, we report that in vitro the Atg5-Atg12/Atg16 complex efficiently tethers membranes in an Atg16-dependent manner. Thus, the Atg5-Atg12/Atg16 complex may contribute to the initial tethering of vesicular precursors during autophagosome formation in addition to its Atg8-PE promoting activity. We further identify the membrane binding site in Atg5 and show that membrane binding by Atg5 is essential for both, autophagy and the cytoplasm-to-vacuoletransport (Cvt) pathway at a step preceding Atg8-PE conjugation and vesicle closure but not for the initial recruitment of the Atg5-Atg12/Atg16 complex to the PAS.
Results
Membrane binding by the Atg5-Atg12/Atg16 complex The Atg5-Atg12 conjugate is localized to the PAS in an Atg16-dependent manner . In order to gain insights into the regulation of the recruitment of the Atg5-Atg12 conjugate by Atg16, we (co-)expressed and purified Atg5, Atg16, the Atg5-Atg12 conjugate and the Atg5/Atg16 and Atg5-Atg12/Atg16 complexes from E. coli. We first analysed membrane binding by these proteins in a liposome co-sedimentation assay using highly charged Folch liposomes ( Figure 1A ). We found that Atg5 alone bound efficiently to these liposomes whereas Atg16 did not show any detectable binding ( Figure 1A) , consistent with previous cell fractionation experiments (Mizushima et al, 1999; George et al, 2000) . Interestingly, compared to Atg5 alone the Atg5-Atg12 conjugate showed severely reduced membrane binding suggesting that Atg12 inhibits membrane binding by Atg5. In contrast, association of Atg5-Atg12 with Atg16 restored membrane binding. These findings suggest that complex formation of Atg5-Atg12 with Atg16 unmasks a membranebinding site in Atg5. Consistent with this, a complex consisting of Atg5 and Atg16 showed membrane binding to a similar degree as the whole Atg5-Atg12/Atg16 complex. We were unable to test membrane binding by Atg12 in isolation, as we did not succeed in purifying soluble Atg12 alone.
To test whether our in vitro results reflect the situation in vivo, we determined the presence of Atg5 and Atg16 in the membrane fractions of different deletion strains (Figure 1B-D; Supplementary Figure 1) . Consistent with our in vitro results we found that the presence of Atg5-Atg12 in the membrane fraction was reduced in yeast cells lacking Atg16 (Figure 1B and C). Atg12 was not required for the presence of Atg5 in the membrane fraction and additionally, in the absence of Atg12 the amount of Atg5 in the pellet fraction was increased ( Figure 1B and C) . Furthermore, Atg16 was present in the membrane fraction in cells lacking Atg12 but not in cells lacking Atg5 ( Figure 1D ).
In order to further characterize membrane binding by the Atg5-Atg12/Atg16 complex, we used liposomes with varying lipid compositions (Figure 2 ). Atg5-Atg12/Atg16 and Atg5/ Atg16 showed strong binding to Folch liposomes (Figures 1A, 2A and B) . Binding to liposomes with a more physiological lipid composition (PE/PI) was considerably weaker compared to Folch liposomes but interestingly the presence of PI3P slightly enhanced binding (compare PE/PI and PE/PI3P in Figure 2A and B). The fact that Atg5-Atg12/Atg16 showed much stronger binding to the highly charged Folch liposomes compared to liposomes of more physiological composition suggested that binding is charge dependent. Consistently, binding of Atg5-Atg12/Atg16 to liposomes containing no PS was very weak ( Figure 2C and D) . The positive effect of PI3P on membrane binding by Atg5-Atg12/Atg16 and Atg5/Atg16 is likely due to rather unspecific charge effects since binding to PI3P-containing liposomes was rather weak and not strictly dependent on PI3P. Interestingly, we also found that the presence of PE had a positive effect on membrane binding ( Figure 2C and D) . We reasoned that Atg5-Atg12/Atg16 may insert some part of itself into the membrane upon binding and that the small headgroup of PE may aid this insertion. In order to test this hypothesis, we substituted PE with diacylglycerol (DAG), which is devoid of any headgroup and should aid membrane insertion even more than PE. Indeed, binding of the Atg5-Atg12/Atg16 complex to DAG-containing liposomes was considerably stronger compared to PE-containing liposomes (Figure 2A and B). Consistent with the results obtained for the PE-containing liposomes, we detected stronger binding upon addition of PI3P. In summary, we conclude that binding of Atg5-Atg12/Atg16 to membranes requires both charge and hydrophobic insertion.
Membrane recruitment of Atg3 by the Atg5-Atg12/ Atg16 complex Atg5-Atg12 has been shown to possess an E3 ubiquitin ligase-like activity, promoting the transfer of Atg8 from Atg3 to membrane localized PE (Hanada et al, 2007 ). Since we found that the Atg5-Atg12/Atg16 complex binds efficiently to liposomes while the Atg5-Atg12 conjugate shows rather poor binding ( Figure 1A) we investigated whether the Atg5-Atg12/Atg16 complex recruits Atg3 more efficiently to membranes than the Atg5-Atg12 conjugate. To this end, we incubated Folch liposomes with Atg3 in the presence of the Atg5-Atg12/Atg16 complex, the Atg5/Atg16 complex or the Atg5-Atg12 conjugate. Indeed, we found that in the presence of Atg5-Atg12/Atg16 the amount of Atg3 in the pellet fraction was about three-fold higher compared to liposomes only ( Figure 3A and B). In agreement with very weak membrane binding by the Atg5-Atg12 conjugate, the amount of Atg3 in the pellet fraction in its presence was only slightly above background. Consistent with the finding that Atg3 interacts with Atg12 (Tanida et al, 2002) , membrane recruitment of Atg3 by the Atg5-Atg12/Atg16 complex was Atg12 dependent as the Atg5/Atg16 complex was very inefficient in recruiting Atg3 to the membrane despite the fact that it efficiently bound to liposomes ( Figure 3A and B).
Promotion of Atg8-PE conjugation in the small unilamellar vesicle assay requires Atg12 but not Atg16
The fact that the Atg5-Atg12/Atg16 complex more efficiently recruited Atg3 to the membrane compared to the Atg5-Atg12 conjugate is consistent with the requirement for Atg16 for efficient Atg8-PE generation in vivo Matsushita et al, 2007) . We therefore tested promotion of Atg8-PE conjugation in an in vitro assay in the presence of Atg5-Atg12/Atg16, Atg5-Atg12 and Atg5/Atg16 using small unilamellar vesicles (SUVs; Hanada et al, 2007) . We could reproduce substantial stimulation of Atg8-PE conjugation by both the Atg5-Atg12/Atg16 complex and the Atg5-Atg12 conjugate ( Figure 3C ) confirming previous results (Hanada et al, 2007) . Conjugation in the absence of the Atg5-Atg12/ Atg16 or the Atg5-Atg12 conjugate was so inefficient that it was undetectable under these conditions ( Figure 3C ). In stark contrast, Atg8-PE conjugation was almost complete after 5 min in the presence of Atg5-Atg12/Atg16 or Atg5-Atg12 and even occurred during initial mixing of the components, hence the weak band at the 0-min time point. Promotion of Atg8-PE conjugation was largely Atg12 dependent as the Atg5/ Atg16 complex almost entirely lacked its promoting activity. Interestingly, promotion of Atg8-PE conjugation was not completely abolished by the absence of Atg12 as a weak Atg8-PE band was detectable after 30 min of incubation with Atg5/Atg16 ( Figure 3C ). The molecular basis for this is currently unknown.
In conclusion, promotion of Atg8-PE conjugation is largely Atg16 dependent in vivo Matsushita et al, 2007) but not in the in vitro assay employing SUVs ( Figure 3 ; Hanada et al, 2007) .
Promotion of Atg8-PE conjugation is Atg16 dependent in a GUV assay
The in vitro assay using SUVs does thus not recapitulate the requirement of Atg16 for efficient Atg8-PE conjugation in vivo Matsushita et al, 2007) . The reason for this may be the high concentration of SUVs in the assay and thus a high probability of collision between the vesicle and Atg3-Atg8 and/or the high curvature of the SUVs. We therefore developed an assay employing GUVs, which are visible by light microscopy ( Figure 4 ). In this assay, membranes are far less abundant and less curved. In order to detect Atg8 in the GUV assay, we purified eGFP-Atg8 and mCherry-Atg8 fusion proteins from E. coli. Both eGFP-Atg8 and mCherry-Atg8 + P S / + P E + P S / -P E -P S / + P E Atg5-Atg12
Atg16 were efficiently conjugated to PE in the in vitro assay using SUVs (Supplementary Figure 1) . In the presence of Atg3, Atg7 and the Atg5-Atg12/Atg16 complex, eGFP-Atg8 became localized to the GUVs ( Figure 4A ). We interpret this localization to GUVs as conjugation to PE. Atg8-PE conjugation was strictly dependent on the presence of the Atg5-Atg12/Atg16 complex and PE in the GUV membrane ( Figure 4A ). In order to detect the Atg5-Atg12/Atg16 complex on the GUV membrane, we expressed and purified Atg16 C-terminally fused to eGFP and used this fusion protein for complex formation with the Atg5-Atg12 conjugate. The Atg5-Atg12/Atg16-eGFP complex bound efficiently to membranes (Supplementary Figure 1) . Moreover, the Atg5-Atg12/Atg16-eGFP complex colocalized with mCherry-Atg8 on the same GUVs ( Figure 4B ). Having established that the GUV assay reproduces these crucial in vivo properties of the system we asked if complex formation of the Atg5-Atg12 conjugate with Atg16 was required for Atg8-PE conjugation. Interestingly, in the GUV assay Atg5-Atg12/Atg16 was much more efficient in promoting Atg8-PE conjugation than the Atg5-Atg12 conjugate ( Figure 4C ). Both the number of Atg8-associated GUVs and the intensity of eGFP-Atg8 fluorescence on the GUVs were considerably higher in the presence of the Atg5-Atg12/ Atg16 complex. This correlated with the ability of the Atg5- Atg5-Atg12/ Atg16
Figure 3 Atg3 recruitment to membranes is dependent on Atg16 and Atg12. (A) Coomassie-stained gels showing co-sedimentation assays using Folch liposomes and the indicated proteins. Atg5-Atg12/Atg16 was most efficient in recruiting Atg3 to the pellet fraction.
(B) Quantification of Atg3 in the pellet fraction in the presence of the indicated proteins. The quantification is based on three independent experiments. (C) Coomassie-stained gels showing the results of Atg8-PE conjugation assays using the indicated proteins and E. coli lipids derived liposomes. Atg8-PE conjugation was detected as characteristic band shift as the conjugated form runs faster on urea-SDS gels. The numbers above the gels indicate the time in minutes. Note that at least under these conditions almost no Atg8-PE conjugation was detected in the absence of the Atg5-Atg12 conjugate or the Atg5-Atg12/Atg16 complex. The numbers next to the gels indicate the molecular weight in kDa. The averages and the error bars representing the standard deviations are shown. P-values were calculated using Student's t-test. NS, nonsignificant; P, pellet; S, supernatant. Atg12/Atg16 complex to recruit Atg3 to the surface of GUVs ( Figure 4D ). In contrast, Atg5-Atg12 did not promote Atg3 recruitment to the GUV membrane ( Figure 4D ). Thus, membrane localization of the Atg5-Atg12 conjugate by complex formation with Atg16 becomes crucial for membrane recruitment of Atg8 if the membranes are limiting and/or less highly curved, offering an explanation for the strict dependence of Atg8-PE conjugation on Atg16 in vivo Fujita et al, 2008b) . We did not observe any membrane recruitment of Atg8 in the presence of Atg5 and the Atg5/ Atg16 complex. PE-conjugated yeast Atg8 has been reported to mediate membrane tethering and hemifusion of vesicles containing high amounts of PE (Nakatogawa et al, 2007) . Similarly, membrane tethering and fusion activity have also been demonstrated for the mammalian Atg8-like proteins LC3 and Role of Atg5-Atg12/Atg16 during autophagy J Romanov et al GATE-16 (Weidberg et al, 2011) . However, the hemifusion activity of Atg8 at physiological PE concentrations has recently been questioned by another study (Nair et al, 2011) . The mammalian Atg8 homologues LC3 and GATE-16 have been shown to mediate membrane fusion when anchored to the membrane by lipidation (Weidberg et al, 2011) . In our GUV assay, we found that in the presence of Atg5-Atg12/Atg16 and the Atg8 conjugation system composed of Atg3, Atg7 and Atg8, GUVs underwent extensive clustering ( Figure 4E ). Atg8 massively accumulated at sites of GUV-GUV contact ( Figure 4F ). This suggests that the contact sites are not hemifusion diaphragms, since steric constraints would not allow Atg8 to accumulate there (Chernomordik and Kozlov, 2005) . We did not find any evidence for massive fusion of GUVs although we cannot exclude that some fusion occurred in our system.
The Atg5-Atg12/Atg16 complex is sufficient for GUV tethering In the course of these experiments, we also studied the effect of Atg5-Atg12/Atg16 on the GUVs. Strikingly, we noticed that the addition of Atg5-Atg12/Atg16 resulted in massive clustering of GUVs even in the absence of the Atg8 conjugation system ( Figure 5A ). When we imaged the Atg5-Atg12/ Atg16-eGFP complex on the GUV membranes we noticed that it initially bound at the interface between clustered GUVs ( Figure 5B ). From the GUV-GUV interfaces the Atg5-Atg12/ Atg16-eGFP signal grew eventually covering the complete GUV ( Figure 5C ). We found the same behaviour when we imaged mCherry and monomeric eGFP-tagged versions of the Atg5-Atg12/Atg16 complex. In addition, we noticed apparent cooperativity with respect to GUV binding by the complex since the Atg5-Atg12/Atg16 complex bound some GUVs a few minutes after addition of the protein. The complex quickly covered these GUVs whereas others were bound at a much later time point. In addition we frequently observed that the Atg5-Atg12/Atg16 complex did not homogenously cover the GUV membrane but was concentrated in small mobile assemblies ( Figure 5D ; Supplementary Movie 1). We also noted that the Atg5-Atg12/Atg16 complex bound much faster to small vesicles that were smaller than the resolution limit than to the large GUVs.
Subunit requirement for GUV tethering by the Atg5-Atg12/Atg16 complex Next, we asked what the molecular basis for membrane clustering by the Atg5-Atg12/Atg16 could be. We therefore imaged GUVs in the presence of Atg5, Atg16, the Atg5-Atg12 conjugate, the Atg5-Atg12/Atg16 complex or the Atg5/Atg16 complex ( Figure 6A ). While the Atg5-Atg12/Atg16 and Atg5/ Atg16 complexes efficiently clustered GUVs Atg5, Atg5-Atg12 and Atg16 did not induce any detectable clustering.
To corroborate these findings, we determined the ability of the above proteins and complexes to cluster SUVs using a turbidity assay ( Figure 6B ). The results we obtained with the turbidity assay correlated well with our results we obtained using the GUV system. Thus while Atg5, Atg16 and Atg5-Atg12 failed to cluster SUVs the Atg5-Atg12/Atg16 complex efficiently clustered SUVs. Furthermore, also the Atg5/Atg16 complex clustered SUVs. Interestingly, its clustering activity was markedly reduced compared to the Atg5-Atg12/Atg16 complex, suggesting that Atg12 enhances the clustering activity of the complex. Atg16 has been reported to form multimeric complexes with Atg5-Atg12 (Kuma et al, 2002) and thus Atg16-dependent dimerization or multimerization of the membrane binding site provided by Atg5 may be required for membrane clustering.
Identification of the membrane-binding site in Atg5
In order to be able to test if Atg5-mediated membrane binding by the Atg5-Atg12/Atg16 complex is required for autophagosome formation in vivo, we set out to identify the membranebinding site in Atg5. Since Atg12 inhibits membrane binding by Atg5 (Figure 1) we hypothesized that the membranebinding site is located close to K149, which is conjugated to Atg12. In addition, membrane binding by Atg5 is dependent on negatively charged lipids (Figure 2 ). We therefore mutated positively charged residues in vicinity of K149 to glutamate (E) (Supplementary Figure 2) . Atg5 alone showed considerable background pelleting in the absence of liposomes in our co-sedimentation assays (Figure 1) . In order to accurately test individual mutants for loss of membrane binding, we therefore tested the Atg5 mutants in complex with an N-terminal region of Atg16 (amino acids 1-46) ( Figure 7A and B), which has a stabilizing effect (Matsushita et al, 2007) . We also tested the Atg5 mutants in complex with full-length Atg16 (Supplementary Figure 2) . Two mutations, K160E and R171E, reduced membrane binding (Figure 7A and B; Supplementary Figure 2) . Mutation of K160 to E had a larger effect than the R171E mutation. When the two mutations were co-introduced into Atg5 membrane binding was severely reduced (Figure 7A and B; Supplementary Figure 2) . The Atg5 K160E, R171E double mutant was still efficiently conjugated to Atg12 in vitro (Supplementary Figure 3) and bound to Atg16. Also in vivo the Atg5 K160E, R171E double mutant was expressed at levels comparable to the wild-type protein and was efficiently conjugated to Atg12 ( Figure 7C; Supplementary Figure 3) . The addition of Myc tags to the C-terminus of Atg5 did not interfere with its ability to restore Ape1 processing in Atg5-deficient yeast cells (Supplementary Figure 3) .
Membrane binding by Atg5 is required for autophagy and the Cvt pathway
In order to test if the Atg5 K160E, R171E mutant also showed reduced membrane binding in vivo we fractionated membranes from rapamycin-treated yeast cells by separating the cytosol (S100) from the membrane fraction (P100) by ultracentrifugation. While the endogenous and the introduced wild-type Atg5-Atg12 conjugates were present in the membrane fractions the Atg5 K160E, R171E mutant showed a severely reduced presence in the pellet fraction ( Figure 7D ; Supplementary Figure 3 ). In addition, also when we expressed 9 Â Myc-tagged versions of wild type and K160E, R171E Atg5 we found reduced membrane binding by the mutant conjugate (Supplementary Figure 3) . Consistent with our results that Atg5 is required for the recruitment of Atg16 to the membrane (Figure 1) , the presence of Atg16 in the membrane fraction was severely reduced in cells expressing the Atg5 K160E, R171E mutant compared to the wild-type Atg5 protein ( Figure 7E ). To analyse if membrane binding by Atg5 is required for autophagy and the Cvt pathway in vivo, we expressed Atg5 K160E, R171E in Atg5-deficient S. cerevisiae and monitored autophagy by the GFP-Atg8 degradation assay ( Figure 7F ; Klionsky et al, 2007) . While a plasmid encoding wild-type Atg5 efficiently restored the lack of GFP-Atg8 degradation in Atg5-deficient cells the Atg5 K160E, R171E mutant completely failed to restore GFP-Atg8 degradation ( Figure 7F) . Furthermore, the GFP signal accumulated in the vacuole in yeast cells expressing wild-type Atg5 while it stayed in the cytoplasm in cells expressing Atg5 K160E, R171E (Supplementary Figure 4) sing in these cells ( Figure 7G ). Ape1 is synthesized in the cytosol with an N-terminal propeptide (prApe1) and is transported into the vacuole by its inclusion into double membrane-bound vesicles called Cvt vesicles. Within the vacuole the propeptide of Ape1 is removed. The formation of Cvt vesicles is dependent on the autophagic core machinery including Atg5 (Harding et al, 1995; Mizushima et al, 1998) . In the presence of nutrients, about 50-75% of the Ape1 protein is localized in the vacuole and thus lacks the N-terminal propeptide. During starvation, Ape1 is delivered to the vacuole by autophagy and is almost exclusively localized within the vacuole. The Atg5 K160E, R171E mutant almost completely failed to restore the Ape1 processing defect in Atg5-deficient yeast both in the presence of nutrients and during starvation ( Figure 7G ). Autophagy and the Cvt pathway appear to be blocked at a relatively early step since Atg8 conjugation to PE was severely reduced in the Atg5 K160E, R171E expressing cells ( Figure 7H ). To corroborate this result, we conducted Ape1 protection assays. Consistent with a requirement for membrane binding by Atg5 before autophagosome completion, Ape1 was substantially less protected from protease K digestion in cells expressing the Atg5 K160E, R171E mutant compared to wild-type Atg5 ( Figure 7I ).
Interestingly, despite the loss of the Atg5 K160E, R171E mutant from the membrane fraction ( Figure 7D ; Supplementary Figure 3 ) the mutant protein was still localized to the PAS (Figure 8A and B; Supplementary Figure 5) . Compared to the wild-type Atg5-3 Â mCherry protein almost twice as many cells displayed a detectable dot-like localization in cells treated with rapamycin ( Figure 8B) . A similar though statistically not significant tendency was also observed for Atg16-3 Â mCherry in cells expressing wildtype Atg5 and the Atg5 K160E, R171E mutant, respectively ( Figure 8C; Supplementary Figure 5) . We also noticed that the signal at the PAS tended to be more intense for the Atg5 K160E, R171E mutant. The Atg5 K160E, R171E-positive dots colocalized with ApeI-GFP, suggesting that the Atg5 K160E, R171E-positive dots represent the PAS (Supplementary Figure 5) . These results suggest that the initial recruitment of the Atg5-Atg12/Atg16 complex occurs independent of Atg5 membrane binding, most probably via another protein.
Discussion
The mechanisms underlying autophagosome formation are only poorly understood even though 430 Atg genes have been reported to play key roles at various stages during autophagy (Nakatogawa et al, 2009 ). In particular, two ubiquitin-like conjugation systems, based around the ubiquitin-like proteins Atg8 and Atg12, have central roles during the formation of isolation membranes and autophagosomes (Mizushima et al, 1998; Ichimura et al, 2000) . To date, eight Atg proteins have been reported to belong to these two ubiquitin-like conjugation systems . Despite their apparent importance during autophagosome formation, their mechanism of action is only incompletely understood. This is mainly because little is known about their biochemical activities. This is particularly true for the Atg12 conjugation system. The Atg5-Atg12/Atg16 complex has been observed to localize to isolation membranes (Suzuki and Ohsumi, 2010) and when individual components of this complex are deleted autophagosomes fail to form (Mizushima et al, 1998 (Mizushima et al, , 1999 Hanada et al, 2007; Suzuki and Ohsumi, 2010) . The Atg5-Atg12 conjugate and the Atg5-Atg12/Atg16 complex have been reported to facilitate the conjugation of Atg8 to PE (Hanada et al, 2007) . This, however, may not be the only activity the Atg5-Atg12/Atg16 complex possesses, since autophagosome formation is more severely impaired when the Atg5-Atg12/Atg16 complex is removed compared to inactivation of the Atg8 conjugation system (Abeliovich et al, 1999 (Abeliovich et al, , 2000 Mizushima et al, 2001; Fujita et al, 2008a) .
Direct membrane binding by Atg5
To unravel the biochemical properties of the Atg5-Atg12/ Atg16 complex, we studied the complex in reconstituted systems using recombinant proteins. We found that Atg5 alone is capable of binding to membranes. Atg12 conjugation largely inhibits membrane binding by Atg5. Since the Atg5-Atg12 conjugation is covalent and constitutive (Mizushima et al, 1998; Kuma et al, 2002) , this inhibition could contribute to the regulation of membrane binding by Atg5 in vivo. Upon binding of the Atg5-Atg12 conjugate to Atg16, Atg5 regains its ability to associate with membranes. We can currently not rule out that Atg12 also contributes to membrane binding within the Atg5-Atg12/Atg16 complex since we were not successful in purifying soluble Atg12 for membrane binding analyses. However, the fact that the Atg5 K160E, R171E mutant showed severely reduced membrane binding in our fractionation experiment suggests that the contribution of Atg12 to membrane binding in vivo is minor. Association with Atg16 may trigger membrane binding by the Atg5-Atg12 conjugate in vivo and thus allows it to promote the subsequent stages of autophagosome formation. The fact that the Atg5-Atg12 conjugate and Atg16 were found in a complex even in the absence of any pro-autophagic stimulus suggests that an additional level of regulation may be involved (Kuma et al, 2002) possibly mediated by another PAS localized factor (Figure 8 ). Interestingly, we found some preference of the Atg5-Atg12/Atg16 complex for PI3P-containing membranes. PI3-Kinase activity is essential for autophagosome formation and thus local production of PI3P on autophagosome precursors may contribute to membrane recruitment of the Atg5-Atg12/Atg16 complex (Kihara et al, 2001) . Membrane binding by Atg5 is essential for its function in vivo because the Atg5 K160E, R171E mutant that showed severely reduced membrane binding in vitro was unable to support autophagy and the Cvt pathway. Interestingly, we found that loss of membrane binding by Atg5 did not interfere with its localization to the PAS (Figures  7 and 8) . In fact, the Atg5 K160E, R171E mutant displayed an even enhanced PAS localization. Thus, an upstream factor that still remains to be identified may be required for the initial recruitment of the Atg5-Atg12/Atg16 complex to the PAS while membrane binding by Atg5 is a downstream requirement for the promotion of the subsequent steps of autophagosome formation. The enhanced localization of the Atg5 K160E, R171E mutant to the PAS may be explained by the arrest of autophagosome formation downstream of its recruitment, whereas the wild-type protein may show fluctuating fluorescence at the PAS reflecting different stages of autophagosome biogenesis. Such fluctuations have been seen for Atg8 . The factor that recruits the Atg5-Atg12/Atg16 complex to the PAS remains to be identified but the recruitment of components of the Atg5-Atg12/Atg16 complex by another protein has an interesting precedence in mammalian cells where TECPR1 has been demonstrated to recruit the Atg5-Atg12 conjugate to autolysosomes (Chen et al, 2012) .
Atg16 is required for efficient promotion of Atg8-PE conjugation under physiological conditions
The Atg5-Atg12 conjugate has been reported to dramatically facilitate Atg8 conjugation to PE in an in vitro assay using SUVs (Hanada et al, 2007) . Complex formation of the Atg5-Atg12 conjugate with Atg16 did not further enhance promotion of Atg8-PE generation in this assay (Figure 3 ; Hanada et al, 2007) despite the fact that Atg16 is essential for Atg8-PE conjugation in vivo . Since the Atg5-Atg12/Atg16 complex showed much stronger membrane binding than the Atg5-Atg12 conjugate we analysed membrane recruitment of Atg3 by the two proteins. Indeed, the Atg5-Atg12/Atg16 complex was more efficient in recruiting Atg3 to membranes than the Atg5-Atg12 conjugate. Atg3 recruitment to membranes was dependent on Atg12. It was therefore initially surprising to find that the Atg5-Atg12 conjugate was equally efficient in promoting Atg8-PE conjugation. However, the in vitro assay employing SUVs contains a high concentration of highly mobile vesicles facilitating the collision of Atg3-Atg8 with membranes. Thus, membrane recruitment of Atg8-loaded Atg3 might not be rate limiting in this system. In addition, SUVs are highly curved which might additionally facilitate the conjugation reaction. The fact that the conjugate still promoted Atg8-PE conjugation suggests either that the weak membrane binding activity of the Atg5-Atg12 conjugate is sufficient in this system or that Atg5-Atg12 binding to Atg3 has a stimulatory effect independent of membrane recruitment.
We therefore tested membrane recruitment of Atg8 and by implication promotion of Atg8-PE conjugation in a reconstituted assay employing GUVs. In this system, the membranes are far less abundant, less mobile and have a much lower curvature. In the GUV system, the Atg5-Atg12/Atg16 complex was much more efficient in promoting Atg8 recruitment to the membrane than the Atg5-Atg12 conjugate offering an explanation for why Atg16 is essential for Atg8-PE generation in vivo ). Thus, we are able to assign functions to all components of the Atg5-Atg12/Atg16 complex during Atg8-PE conjugation: Atg5 binds to membranes, Atg16 triggers membrane binding by Atg5 due to the release of its inhibition of membrane binding by Atg12 and Atg12 recruits Atg3 to the membrane once localized there by Atg5 within the Atg5-Atg12/Atg16 complex. When incubated with the Atg5-Atg12/Atg16 complex and the Atg8 conjugation system (Atg3, Atg7, Atg8, MgCl 2 and ATP) we observed massive clustering of GUVs. The interfaces between the GUVs sometimes extended so extensively that the individual GUVs became massively deformed and flattened. Since we have not directly measured fusion in our system we cannot rule out that fusion occurred. However, consistent with a recent report employing SUVs in a bulk assay (Nair et al, 2011) we did not detect any evidence for massive fusion in our GUV system.
Homotypic tethering of membranes depends on Atg16
During the course of our experiments designed to analyse Atg8 recruitment to GUVs we observed that the Atg5-Atg12/ Atg16 complex itself was sufficient to induce clustering of GUVs. Clustering of GUVs was not absolutely dependent on the presence of Atg12 as the Atg5/Atg16 complex was sufficient to induce GUV aggregation, however, to a lesser extent. In contrast, Atg5 alone did not induce clustering. We obtained very similar results with an aggregation assay employing SUVs. In this assay, it was apparent that the absence of Atg12 reduced the clustering activity of the complex. This suggests that Atg12 might weakly but directly contribute to membrane binding, activate membrane binding by the Atg5-Atg12/Atg16 complex in an indirect manner or promote some higher order assemblies of the complex that in turn may be more efficient in clustering vesicles.
The C-terminal domain of Atg16 consists of a coiled-coil region and crystallized as a homodimer (Fujioka et al, 2010) . Since Atg5 directly binds to the N-terminus of Atg16 (Matsushita et al, 2007) it is therefore likely that at least two copies of Atg5 are present in the Atg5-Atg12/Atg16 complex (Mizushima et al, 1999; Kuma et al, 2002) . The most likely explanation for the clustering of GUVs in our system is thus that one Atg5 molecule binds to one membrane and the other Atg5 molecule to the other. Interestingly, the coiled-coil domain of Atg16 is essential for autophagosome formation (Fujioka et al, 2010) and one of its functions may be the dimerization of the Atg5-localized membrane binding site. Consistently, dimerization or oligomerization of Atg16 is required for autophagy in vivo (Kuma et al, 2002) . The interface between the two membranes appears to be a preferred localization of the Atg5-Atg12/Atg16 complex as we often observed massive accumulation of the Atg5-Atg12/Atg16 complex in the interface between GUVs before the rest of the GUV was covered. We frequently noticed that the Atg5-Atg12/Atg16 signal grew from the interface between two GUVs around the rest of the GUV. In addition, the Atg5-Atg12/Atg16 complex did often form highly mobile foci. We also noticed that the Atg5-Atg12/Atg16 complex bound strongly to individual GUVs rather than exhibiting a uniform level of binding across the whole GUV population. This observation suggests some sort of cooperativity with respect to membrane binding and would be consistent with oligomerization of the Atg5-Atg12/Atg16 complex on the membrane, at least in vitro.
The fact that membrane tethering of the Atg5-Atg12/Atg16 complex is independent of the Atg8 conjugation system might explain why inactivation of the Atg5-Atg12/Atg16 complex affects autophagosome formation more severely than inactivation of the Atg8 conjugation system (Abeliovich et al, 1999 (Abeliovich et al, , 2000 Mizushima et al, 2001; Fujita et al, 2008a) although we have so far no definitive evidence for this clustering activity in vivo. It has recently been shown that an Atg9-containing tubulovesicular compartment relocalizes to a site close to the vacuole and likely represents the PAS (Mari et al, 2010) . Also, individual Atg9-positive vesicles have been seen to coalesce at the PAS (Yamamoto et al, 2012) . Furthermore, SNAREs are required for the formation of Atg9-positive tubulovesicular isolation membrane precursors and thus isolation membranes in yeast (Nair et al, 2011) . In mammalian cells, SNARE-dependent fusion of Atg16-positive vesicular precursors has been reported (Moreau et al, 2011) . The Atg5-Atg12/Atg16 complex may thus contribute to the homotypic tethering of these precursors in order to allow SNARE-depended fusion to occur.
Materials and methods

Antibodies
The rabbit anti-Atg12 antiserum (NB600-603) was from Novus Biologicals, Cambridge, UK. Monoclonal anti-Atg5 (8B12-3B11) and anti-Atg12 (7B11-1F9) antibodies were raised in mouse against the recombinantly expressed and purified S. cerevisiae Atg5-Atg12 conjugate and were selected for specific recognition of the conjugate as well as the respective individual proteins. The rabbit polyclonal antiApe1 and the rabbit polyclonal anti-Atg8 antibodies were a kind gift from Claudine Kraft. Anti-Pex30 was a kind gift of Cecile Brocard. Anti-GFP antibodies were purchased from Roche. Anti-Pgk1 was purchased from Invitrogen and anti Penta-His from Qiagen. The anti-Myc tag antibody (clone 4A6) is available from Millipore.
Protein expression and purification
All proteins were expressed in E. coli Rosetta pLySS cells. Atg3 was expressed as N-terminal GST fusion protein from pGEX-4T1. Atg7 was expressed with an N-terminal His tag from pOPTHrsTEV. Atg8 lacking the C-terminal arginine was expressed from pOPC. GSTtagged Atg16 was expressed from pOPTG. Atg5 was expressed with an N-terminal His tag from pOPTH. eGFP-Atg8, monomeric-eGFPAtg8 and mCherry-Atg8 (all lacking the C-terminal arginine) and monomeric-eGFP-Atg16 were expressed from pETDuet-1. The monomeric-eGFP versions were produced by inserting a A206K mutation into the open reading frame of eGFP derived from pEGFP-N1. The Atg5-Atg12 conjugate was purified by co-expression of His-tagged Atg5 and Atg12 from pETDuet-1 with Atg10 and Atg7 from pCOLADuet-1. The Atg5-Atg12/Atg16 complex was purified by co-expression of His-tagged Atg5 and Atg12 from pETDuet-1 with Atg10 and Atg7 from pCOLADuet-1 and Atg16 from pCDFDuet-1.
See Supplementary data for detailed protocols.
Liposome co-sedimentation assays Lipids were mixed, dried under argon stream and desiccated. Buffer (150 mM NaCl, 50 mM HEPES pH 7.5, 1 mM DTT) was added to give a final concentration of 1 mg/ml lipids and sonicated. 5 mg protein was incubated with 0.5 mg/ml liposomes for 30 min at room temperature. The reactions were centrifuged at 180 000 g at 221C, supernatants and pellets were separated and equal amounts were run on 12% SDS/polyacrylamide gels. For details, see Supplementary data.
In vitro Atg8-PE conjugation reactions using SUVs E. coli lipids (total extracts, Avanti Inc. #100500) were used to prepare liposomes at a final concentration of 1 mg/ml in 50 mM HEPES pH 7.5, 150 mM NaCl. Liposomes were prepared as described for the liposome co-sedimentation assays. The final concentration of lipids in the assays was 0.8 mg/ml. Atg3, Atg7, Atg5-Atg12, Atg5/Atg16 and Atg5-Atg12/Atg16 were used at a final concentration of 1 mM whereas Atg8 was used at a final concentra-tion of 5 mM. ATP was used at a final concentration of 2 mM and MgCl 2 at a final concentration of 1 mM. The reactions were done at 301C and stopped by the addition of SDS loading buffer. The reactions were run on 16% gels containing 6 M urea.
Preparation of GUVs
GUVs were prepared by electroformation. The electroformation was conducted either at 241C or at 601C dependent on the phase transition temperature of the lipids. The GUVs were diluted in 15 mM HEPES pH 7.5, 135 mM NaCl.
Proteins were used at the following final concentrations: Atg3 and Atg7: 80 nM, Atg8, eGFP-Atg8, monomeric-eGFP-Atg8, mCherryAtg8, Atg5, Atg5-Atg12, Atg5/Atg16, Atg5/Atg16-monomericeGFP, Atg5-Atg12/Atg16-monomeric-eGFP, Atg5-Atg12/Atg16-eGFP: 400 nM. MgCl 2 was added to a final concentration of 0.5 mM and ATP was added to a final concentration of 1 mM.
See Supplementary data for details.
Microscopy
Confocal images were acquired using a Zeiss LSM 510 or Visitron spinning disc microscope with Â 63 (NA 1.4) or Â 100 (NA 1.45) oil objectives. Widefield images were obtained on an Olympus Cell^R imaging station with Â 40 or Â 60 oil objectives (NA 1.4) or a Zeiss Observer Z1 inverted fluorescent microscope with a Â 63 (NA 1.4) oil objective or a Deltavision using a Â 100 (NA 1.4) oil objective. Images were processed and analysed using the ImageJ software.
Yeast strains and constructs
For yeast strains used in this study, please see Supplementary Table 1 . Plasmids for yeast expression were produced by amplification of Atg5 with its endogenous promoter from genomic DNA and cloning to pRS316. Mutations were introduced by QuikChange mutagenesis (Stratagene). Atg5-Myc contained Myc tags fused to its C-terminus and was expressed from its endogenous promoter from pRS416. GFPAtg8 was expressed from pRS315-GFP-Atg8 described in Kraft et al (2008) . Atg5-3 Â mCherry and Atg5 K160E, R171E-3 Â mCherry were expressed from pRS316, under the control of the endogenous promoter and cyc1 terminator. Atg16-3 Â mCherry was expressed from pRS315. Yeast strains were derivatives of the BY4741 background, kindly provided by Claudine Kraft.
Yeast manipulations
Standard methods were used for cell growth and manipulation. Yeast were grown in selective medium to log phase and subjected to nitrogen starvation for 5 h. Whole cell lysates were prepared by a trichloroacetic acid extraction. Proteins were separated by SDS/ PAGE and subjected to western blotting. Alternatively, for the detection of Atg5 and Atg12, native cell lysates were prepared by glass bead disruption in lysis buffer supplemented with protease inhibitors. Atg5-2 Â Myc was immunoprecipitated with an anti-Myc tag antibody (clone 4A6) covalently crosslinked to protein A sepharose beads (GE Healthcare). Immunoprecipitated proteins were analysed by 11% SDS-PAGE/western blot probed with the monoclonal Atg5 or Atg12 antibody. For detailed information of used strains and protocols, see Supplementary data.
Cell fractionation
Yeast cells were grown overnight in selection medium, resuspended in YPD, grown to log phase and treated with 220 nM rapamycin for 2 h. Cells were harvested and spheroplasts were prepared using zymolyase. The spheroplasts were resuspended in a hypotonic buffer. After non-lysed cells were removed by low speed centrifugation, the lysate was spun at a 100 000 g. Proteins in the supernatant were precipitated with TCA and dissolved in urea loading buffer (ULB). Equal amounts of the supernatants and pellets were run on 4-20% gradient or 12% SDS gels and subjected to western blotting using the anti-Atg12 (7B11-1F9), anti-Myc (4A6) antibody, antiPex30 or anti-Pgk1 antibody.
Proteinase protection assay.
Yeast cells starved for 4 h in SD-N were washed and incubated with 2-OD/ml DTT buffer (10 mM DTT, 10 mM Tris pH 9.4; 15 min, 301C), resuspended in 10-OD/ml SP buffer (1 M sorbitol, 20 mM PIPES pH 6.8) and spheroplasted by Zymolyase-20T (MP Biomedicals) treatment. Spheroplasts were collected by centrifugation (2000 g for 5 min) and gently lysed with osmotic lysis buffer (200 mM sorbitol, 20 mM PIPES pH 6.8, 5 mM MgCl 2 ) to preserve organelle-enclosed particles. After two 500 g centrifugation steps to remove unbroken cells, the resulting total lysate was further separated into a 5000 g supernatant and a pellet fraction. The 5000 g pellet was resuspended in osmotic lysis buffer with or without proteinase K (50 mg/ml, AppliChem) and 0.2% Triton X-100. After 30 min incubation on ice, samples were precipitated with TCA and analysed by western blotting with an anti-Ape1antiserum.
Statistical methods
The P-values were calculated using an unpaired two-tailed Student's t-test. A P-value of o0.05 was considered as significant.
Accession numbers
Accession numbers are Atg3: NP_014404; Atg5: NP_015176.1; Atg7: NP_012041.1; Atg8: NP_009475.1; Atg10: NP_013058.1; Atg12: NP_009776.1; Atg16: NP_013882.1.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
